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Scaling of saturated stimulated Raman scattering with temperature
and intensity in ignition scale plasmas
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Measurements show the scaling of stimulated Raman scatté8iR® with laser intensity and
plasma electron temperature under the conditions expected in ignition experiments. The scaling of
the scattered energy with each parameter follows a power law with a small exgohender 1.
Comparison with simulations suggests SRS is nonlinearly saturated in these cases. Further
experiments with higlz dopants showed that the effect of electron-ion collisions on the measured
SRS is primarily due to the inverse bremsstrahlung absorption of the scattered ligi200®
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I. INTRODUCTION cent measurements of Thomson scattering from thermal elec-
. o . tron plasma fluctuatiod$in a highZ plasma find spectra that
Reliable prediction of the stimulated RaméBRS and  5re pest modeled with a spatially uniform super-Gaussian
Brillouin scattering(SBS in plasmas expected in indirectly shape for the subthermal electrons and a Maxwell—
driven inertial confinement ignition schenlés critical to its Boltzmann for the suprathermal electrons. Furthermore,
success. The plasma and laser parameters make it difficult {g,.qr_pjank calculatio that include electron-electron

remain below the linear threshold_s of fllgmentat|on and th(?:ollisions show for Nova-like plasmas that the high velocity
three wave resonant backscatter instabilities, SRS and SBé?ectrons responsible for damping Langmuir waves have a

'nai%reesxen;nt:;?;;ggg{ggig {:ftét:iosuRﬁ t?\r;\? r?fasrl l'r:ggl Maxwellian tail even if the low velocity electrons are non-
9 XP 7 - 'arg 9 . y Maxwellian. The two component distribution that fits the
reflection of the incident light would be predicted without .

data might also represent an average over a strongly non-

nting for the nonlinear r n f the plasma. In pre- X o T .
accou ting for the no near response o the plasma. In p el\/laxwelhan distribution in localized hot spots of the laser,
viously reported experiments conducted on the Nova laser

facility with plasma and laser conditions similar to the and a less distorted distribution in parts of the scattering

present study, SRS was found to increase with the fraction O\folume in which the intensity is lower. These considerations
low-Z ions in ’the plasm&S5 most likely indicating a depen- make it apparent that, even with the presence of a substantial

dence on the damping rate of the acoustic wave in multispg2©Pulation of nonthermal electrons, the damping may not be
cies plasmd.Because linear SRS growth rates do not depend€duced as much as we will show is needed to model SRS
on this acoustic wave damping rate but the Langmuir decayaturation with LDI only.
instability (LDI) threshold does increase with the acoustic ~ Another nonlinear plasma response to SRS-produced
wave damping rat&;® this dependence has been interpreted-2ngmuir waves is trapping of electrons near the phase ve-
as evidence that LDI limited the amplitude of the SRS-driven{OCity Wh'gh can alter the damping _ré?e and the
Langmuir wave and thus SRS as well. More direct evidencéreq“er)cf Recent particle-in-cell simulations predict that
of LDI has come from Thomson scatter from the LDI decaySRS will saturate by LDI for low temperature or high density
products, both from the acoustic wafend the Langmuir (KAe<0.15) and by particle trapping for high temperature
wavé' in exploding foil plasma and from the acoustic wave OF low density k\ 4> 0.25) > Herek is the wavenumber of
in high temperature plasma3®® Further experiments with the Langmuir wave andlqe is the electron Debye length. In
intersecting beams have shown the Langmuir waves inlinear theory, the ratio’e/w, of the Landau damping rate,
volved in SRS to be nonlinearly saturatéd. ve, 1o the frequencyw,, of a Langmuir wave is a function
One difficulty with this interpretation is the rather high Of kAge only. In nonlinear theory, the frequency and damping
threshold for LDI in Nova plasmas where the electron Lan-also depend on the “bounce” frequencywy,=kvy
dau damping of Langmuir waves and ion Landau damping of- (8n,) "> where ény,, is the amplitude of the Langmuir
the acoustic waves is so strong that the calculated Langmuwave. In Vuet al’! the SRS saturation is attributed to a
wave amplitude remains below the LDI threshold even wherfletuning or frequency shift of the Langmuir wave from the
SRS is large. It has been suggested that the electron Land&@quency of the beat ponderomotive force of the light
damping may be much lower than assumed because an imaves. Other simulatiof% with a Vlasov code have ob-
verse bremsstrahlung-heated velocity distribution can have gerved a sideband instability which grows at rate propor-
super-Gaussian forfiwhich has many fewer electrons near tional to the bounce frequency and drains power from the
the phase velocity of the Langmuir wave than a Maxwell-primary Langmuir wave that Raman scatters the light, thus
Boltzmann distribution with the same kinetic enefd§.Re-  saturating SRS.
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These particle trapping effects, which do not depend on
the acoustic wave damping, do not explain the dependence
of SRS on ion acoustic wave damping. Other effects could
be responsible. For example, such a dependence can arise
from the nonlinear competition between SRS and SBS for
laser powef In fluid simulations®* the reflectivity of one
instability is shown to be reduced by the presence of the 2.75
other when total reflectivity level is as low as 1%—2%. Anti-
correlation of SRS and SBS has been reported in a number of
experiments, including Nova experiments on gasbagjmi-
lar to the ones reported here. In those Nova experiments, the
SRS was seen to increase with the gas-fill density whereas
the SBS decreased. Other experiments on hohlraums witfiG. 1. Schematic of gas filled target used to produce plasmas that are hot

|arge SRS and very little SBS have reported on a weak SRgnd homogeneous by |IIu_m|nat|ng with nine defocused bgams as described
in text. The target consists of an approximately spherical CH balloon,

scaling with electron densify. mounted in a washer with gas fill tubes.

With such a complex system with severaot com-
pletely satisfying interpretations published, it is of great
value to vary the external parameters believed to play the _ o 2
principal roles in determining the nonlinear state of SRS to Z_; niZj 2 N, (Z >_; N2 2 ]
test and inspire theoretical insight. In the past, the scalin%

with electron density and plasma composition has been re_ozthat the electron-ion collision frequency is proportlonal_to
. . . . O(Z Y Z. In an attempt to separate the effects of the variation
ported. Here, we report the scaling with laser intensity an

. . the light wave damping from the plasma wave damping
electron temperature. We emphasize that the scaling of SR\%vfhich both vary withT,, we added Xe to gH,, plasma to

as a convective three wave instability with an eXponent""“ncrease the collisional absorption. It is also clear that the

dependence .Of the refle_ct|V|ty on the gain expon(_ent IS _OOISRS light is more strongly absorbed than the incident light
being tested in this experiment. Even at the lowest intensitie§oc4use its group velocity is slower and it is closer to its

used in these experiments, the linear gain exponent for SRStical density. We will describe the scaling of SRS wih
is sufficient to account for greater reflectivity than observed 4, compare it with the observed scaling with electron tem-
When the role of laser hotspots is included, it has bee’berature.

shown that there is a criticépot-averagedntensity below

which there is insi.gnifica-nt backscattgr and above which th(ﬁ_ EXPERIMENTAL DESIGN

plasma response is nonlin€éa*® Experiments that measured

the intensity dependence of SBS in weakly damped gasbag The experiments are performed primarily in I&ve€H

plasma® and SRS in toroidal hohlrauffshave observed Plasmas produced by pre-heated, gas filled, tafgtat the

this sudden onset. In Sec. Il we will describe experimentdNova laser facility. The targets are nearly spherical, thin

studying the dependence of SRS on the beam intensity, arRplyimide bags filled with a gas mixture consisting of two

with the aid of simulations will interpret it in the context of tyPes of CH molecules (£, and GHs) at atmospheric

the many processes described earlier. pressure. The target is shown schematically in Fig. 1. The
We will also describe experiments in which the depen-92S IS also doped with Ar for x-ray spectroscopic temperature

dence on SRS on electron temperature is studied. To aid t{geasurements, and also with Xe in the case of collisional

understanding of the temperature scaling measurements vg@mping scaling experiments. A purgil, gas at~1 atm

also performed measurements when the atomic COmpositi:"%ressure produces a plasma with an electron density that is

o " . .
of the plasma was varied. These latter experiments are i —1/8 rc;f tghligcrg;g(;a;??r?astlti:/)rfg;stz(ree?’f)rloglrﬂ:(iszr ;szz ;/r\igltk?s
i%(:]rtacnr':;ega(uzie g;zy ?rl:gwerl)(raifreoisetz ::a;?aetgféﬂc(;]n k;(;th tsf% of the critical density, and mixtures produce densities

g - L P in between. The target is pre-heated with nine unsmoothed
electron-ion collisionsto be varied independently from pro- defocused 351 nm heater beams, each delivesiags kJ in
cesses that depend only on electron temperafsmeh as '

: ) X , a 1 ns square pulse. The plasma present between 0.5 and 1.0
electron Landau dampingin particular, the light absorption s is hot and homogeneous, with an electron temperature of

rate, vop= w5 eveil2w5, where the electron-ion collision fre- 5 5 keV at maximum heater energgetermined by spec-
quency, ve=(42m/3meT5)E;n;Z7e* In(A), depends on troscopy measuremenritsand a nearly 2 mm density plateau
the electron densityne, the electron temperatur@,, and  inside a radius of 90Qum with rms density perturbations
the charge statg; and densityn; of each ion species. Hence, (inferred from Thomson scatf®f of less than 5%. The tem-
the laser light is strongly absorbed in the higiplasma but  perature of the plasma is varied by adjusting the heater en-
weakly absorbed in the lo&-plasma. Here, is the elec-  ergy from 1.0 to 2.5 kJ per heater beam. The corresponding
tron massg is the electron charge, is the critical density, plasma temperature is measured by x-ray spectroscopy at
and In(A) is the Coulomb logarithm. It is convenient to de- each heater energy and confirmed by Thomson scattering
fine from a 263 nm probe beathat the highest heater energy.
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- 2ns between the edge of the beam cqBe5° at f/8 and 6.6° at
f/4.3), and 18° away from the beam axis, where the fluence
is found to be low. The time dependengesolution~100
ps and spectrum of the scattered light in the lens cone is
measured by a streaked spectrometer. A time resolved scat-
tered spectrum in the range 8=400-600 nm is shown in

- 1 Time Fig. 2. In Figs. 3-5, the reflected energy is binned into that
collected in the 0.5-1.0 ns “early” period, when the heated
plasma is most homogeneous, and the 1.0-1.5 ns “late” pe-
riod, after the heater beams have turned off and when simu-
lations indicate the plasma is cooling.

| | r
608 I1l. THE DEPENDENCE OF SCATTERING ON LASER
400 500 nm BEAM INTENSITY
Wavelength The intensity of the interaction beam is varied from 3

X 10 to 2.5x 10 W/cn? in experiments with both 7% and
10% critical density targets. The energy collected in the
range of the spectrometer at early and late time is used with
the incident energy to determine the reflectivity due to SRS,
and is plotted in Figs. (3 and 3b). The reflectivity is seen
The measured temperature is found to be adjustable from 16 be almost proportional to laser intensity between 6
to 3.0 keV. A tenth interaction beam with a 1.0 ns squarex 104 and 2.5<10"Wj/cn?. Further measurements of
pulse is fired at 0.5 ns. The interaction beam is focused acattered light in the range of 350-352 nm and attributed
r=900um with either anf/8 or f/4.3 lens, and is condi- to stimulated Brillouin scattering(SBS are shown in
tioned with random phase platé€BPP3 designed with Airy  Figs. 3c) and 3d). In the “early” period, SBS is small,
function intensity profiles. Two different RPPs are used intypically 3%—4% and independent of intensity as is the case
the f/8 configuration, one with a best focus FWHUII for CO, gasfills® where the acoustic wave damping is weak.
width half maximum of 420 um, which is used for intensi- LASNEX modeling shows the ion temperature, and thus the
ties below x 10®°W/cn?, and a second with a FWHM of ion Landau damping, is lower in this period than in the
160 um, which is used for lower intensity experiments, “late” period when the SBS increases about linearly with
while a third RPP with a FWHM of 12Qum is used in laser intensity. The weak scaling of SRS with the interaction
experiments with the/4.3 beam(all spot sizes are calcu- beam intensity is consistent with a Langmuir wave response
lated for ideal beams with vacuum propagajiohhe back- to the ponderomotive force that is less than the predictions
scattering is measured by a full aperture collection systenbased on a linear Langmuir wave response. Evidence that the
(FABS) that is sensitive to light inside the laser cone and arLangmuir wave response in this case is nonlinear has been
imaging system that measures light with scattering anglesbserved previoush To investigate further the dependence

FIG. 2. The time resolved spectrum of the light scattered from a 2
X 10" W/en? laser beam in a 10% critical density plasma. The wavelength
range corresponds to stimulated Raman scattering.

g 10} g 10
z | z | i
% ?i % 3% ¢ i ® FIG. 3. Laser reflectivity from arfi/8
2 = beam due to SRS vs the peak vacuum
e 1} ® & 1L ¥ intensity of the random phase plate
) : f i o early, 10%n H @ : ® carly, 10% n,, |3 smoothedf/8 beam is shown for the
3:; B eardy, 7%, i 7] B early, 7% n_, ] case of 7.1% critical and 10% critical
Al — ——r——’ [ L density plg(smalt; ?t?)d the O.?I—l.o ns
2 T s 4 s s time period(early). Laser reflectiv-
(a) 10 Intensiw (Wient) 10 (c) 10 IntensI})?1 (Wren?) 10 ity from an f/8 beam due to SRS vs
the peak vacuum intensity of the ran-
T T T dom phase plate smoothé&tB beam is
£ 10t % & 10t r shown for the case of 7.1% critical and
: 3 !i : 3 & 3 10% critical density plasmas and the
g 5 r 1 1.0-1.5 ns time periodate). (c) Laser
3 3 reflectivity from anf/8 beam due to
s : s I i SBS for the case ofa). (d) Laser re-
& 1L 1 o« 1E l e ate 0% 13 flectivity from and f/8 beam due to
@ ¢ late,10%n,4 @ ; ’ ’ o | 3 SBS for the case of).
(7] ﬁ f molste, 7%n, |] © : " late, 7% n ,
4 15 6 4 5 6
© 17 Intensity (Wicn?) 100 @ 17 Intensity (Wicn?) 1

Downloaded 21 Nov 2003 to 128.32.113.135. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 10, No. 7, July 2003 Scaling of saturated stimulated Raman scattering . . . 2951

4 SRS (early time) is not substantially absorbed before it reaches the region of

Landau Damping (x10'‘) best focus and the intensity near best focus is not signifi-

— -e-i Damping (x10'*%) cantly dependent on the plasma electron temperature. The
LI L B L R 3

absorption length of the scattered light is smallérs,(
=580um atn,=10*cm 2, T.>1.5keV, CH plasmadue
to its longer wavelength. The effect of absorption on the
reflectivity is calculated and discussed in the following. The
timing and pulse shapes are the same as in the intensity scal-
ing experiment. The target is filled with;8,, gas with a 1%
Ar impurity to produce an 11% critical density plasma in
] which ion wave damping is strong, which earlier
TP W experiment$® indicated would suppress SBS and other sec-
3.5 ondary decay processes and allow SRS to grow to large val-
ues. The temperature of the target plasma is varied by vary-
FIG. 4. Laser reflectivity from ari/4.3 beam due to SRS vs the electron ING the energy in the heater beams. The temperature in the
temperature of an 11% critical density target, measured by x-ray spectroplasma, predicted by simulations, is confirmed by x-ray
copy atr =400um. spectroscopic measurements at a radius of 400in a re-
gion adjacent to the interaction regidh®?Heater energies in
We range of 9.5—-22 kJ produce plasmas with electron tem-
peratures in the range of 1.5—-3.0 keV. These values of tem-
perature and those used in the figures represent the plasma
inside the interaction beam that is heated by both the inter-
action beam as well as the heater beams. To include the
The temperature scaling experiments are designed to affect of the interaction beam on the temperature, the tem-
low the effects of the variation of the inverse bremsstrahlungerature measured in the region heated only by the heaters is
absorption rate of the incidef®51 nm and scattere600—  upwardly corrected by a factor determined framsnex32
600 nm light to be accounted for, and the scaling of the simulations. TheLASNEX simulations determine the correc-
scattered light with electron temperature to be identifiedtion factor by calculating the temperature under the condi-
separately. To do this we use &.3 interaction beam that tions of each experiment and repeating the calculation with
has a region of best focus which is smaller in the axial di-the interaction beam off. The ratio of the temperature at the
rection (Az~516um half width at half maximumthan the  center of the interaction beam to that when the beam is ab-
inverse bremsstrahlung absorption lendthpf the incident  sent is calculated for each case and the temperature measured
351 nm light propagating in our plasma conditiofis;s;  in the experiment is multiplied by this factor to determine the
=1.4mm atne=10"cm 3, T,=1.5keV, CH plasma The  temperature in the region of the interaction beam. This cor-
beam is then focused to an intensity ok40'">W/cn? near  rection is largest at the lowest heater powers where it is less
the plasma edger 0.9 mm) in a plasma that is fairly uni- than 30%. The light scattered by SRS is measured in a series
form forr <1.0 mm and <1.0ns, so that the incident beam of shots with varying electron temperature and plotted versus
the corrected temperature in Fig. 4.
The SRS measurements shown in Fig. 4 indicate that
the percent reflectivity of the beam varies weakly with

e
-

e
o
-

SRS Reflectivity,
o Damping rate (x10'Y

o

o

-
-

on electron temperature we have performed experiments i
which the temperature of the plasma is varied.

IV. TEMPERATURE DEPENDENCE OF SRS

O <25/<Z> scan, | = 2 x 1¥°

- 5
® T, scan,1=4x1d plasma electron temperature over the range of 1.5-3.0 keV
B <25/<Z> scan, | = 4 x 10° in spite of the fact that the Landau damping rate in a Max-
constant, uniform 3n/n wellian plasma varies by more than an order of magnitude
= “uniform én/nf~v_ over this range. However, such a weak dependence on wave
0.2 [t amplitudes on the linear wave damping rate may be consis-
] tent with nonlinear saturation mechanisms discussed in the
25 015 following.
2E
b
%%‘ 0.1} V. EFFECT OF ELECTRON-ION COLLISIONS ON SRS
o . . .
,,,; Because the variation of the SRS with temperature is so
&= 0.05F weak it cannot be solely attributed to a temperature depen-
: ] dence of the collisionless damping of the scattering plasma
o PR T ST S T W SN ST S AN SR ST WU S T T N SN N MY _
0 510" 1102 15 192 2 10° wave. Thus, the temperature dependence due to other tem

Electron-lon Collision Rate perature dependent processes is considered. As mentioned
— Hectivity . i 16 SRS ve the electroni earlier, the collisional absorption of the out going Raman
. 2. Laser reflectivity fTrom a . eam adue to VS the electron-ion ; . .
collision rate from experiments in 11% critical density targets with varying |Ight by Inverse bremSStrahlung absorptlon may make the

ion species concentratio)Z?)/(Z)), and with varying electron temperature Ob_served scattering depende_nt on ?l_eCtrOr‘ ion CO”iSionS_-
shown in Fig. 3. This dependence on electron-ion collisions is tested experi-
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mentally, by varying the ion charge of the target, which will form (én/n)?~w,,” ). The estimates assume that the out go-
vary this rate and may also affect the plasma weakly in otheing light is reabsorbed by inverse bremstrahlung in a homo-
ways (such as heat transport, or variation in the ion acoustigeneous plasma, and that the total scattered power is the sum
wave properties, or the trapping of electrons in the plasmaf the scattered power from each region which has been at-
wave). From the measured dependence of SRZ amd the tenuated exponentially along the path to the plasma edge
expected dependence of the out going light on inverséi.e., incoherent scattering with phase dependence averaged
bremsstrahlung absorption, the relative importance of thes8o when the plasma and wave amplitude are uniform and the
other processes on SRS can be inferred. A series of furthgdasma is much thicker than the inverse bremsstrahlung ab-
experiments were performed to determine the importance dgforption ratex,

electron-ion collisions and othet dependent processes to L P an2
the observed temperature scaling, by varying Zhef the Pscafxf Pine(X)IN2(X)exp — k(L — X)) dx~ ———no
material, while keeping the electron temperature constant. 0 K
This was done by varying the average b= (Z2)/(Z)) by @

adding up to 13% Xdby molecular numberto the GH,,  which gives the solid line in Fig. 5. In the case where the
gas. The heater and interaction beams were as described feave amplitudein? is portional to the electron ion collision
the temperature dependence experiments above, with thate the scattered power will not depend on the collision rate
heater beams at maximum power. Measurements of the gagcause it cancels with the dependence @f the denomi-

bag temperatures were obtained by x-ray spectroscopicator. The fact that the dependence of the data on collision
analysis of the Ar emissiofwith 1% Ar impurity’®) spectra  rate is within the range of the first of these two estimates
and showed that the pedln time) of the temperature was (when a single amplitude scale factor is adjusted to fit the
between 3.3 and 2.6-0.6) keV for gas bags with no Xe and datg suggests that much of the dependence of SRS on tem-
13% Xe (respectively, which is consistent with the predic- perature observed in Fig. 4 is due to the variation of the
tions of LASNEX simulations. At the same time the simula- inverse bremsstrahlung absorption rate of the out going light
tions indicate that the Xe was stripped to a charge state ofith the electron temperature, and that all other temperature
Z~40 so that the electron density varied by less than 0.5%lependent processes have a still smaller effect on the SRS
over the same range of dopant concentrations. The slightlfemperature dependence. The intensity scaling in Xe doped
lower temperature upon adding Xe is ascribed to greater raargets is also observed to show the SRS reflectivity is close
diative cooling~Z2. Thus these targets provide nearly inde-to linear with intensity as in the above-mentioned pure CH
pendent adjustment dfZ2)/(Z) and electron temperature. targets.

This allows the effect of a change in electron-ion collisions

and otherZ dependent processes to be separated from thg| MODELING

effect of a temperature change, which will affect SRS both ) ) o )
through a change in the electron ion-collision rate, and SRS is a three wave resonant instability in which the

through collisionless damping, and can clarify the relativelncident large amplitude coherent laser light wave decays
roles of the collisional absorption of the out going light andiNto & backward propagating light wave and a Langmuir
variation of the Langmuir wave Landau damping rate on thevave. The waves must maintain temporal and spatial phase
scattered SRS measurements. coherence, which imposes the well-known frequency and

Data on SRS scattering are taken from targets dopeW@venumber maiching conditionso=w; + w, andko=k;
with 13% Xe and from beam intensities equivalent to those* Kp- Here, the subscripts Qp refer to the incident light,
in the temperature scaling experimemt=(@4x 10*>W/cn?) the reflected R_aman light, gnd the Langm_wr wave, respec-
and at a lower intensityl € 2 105W/cn?). It is observed  tively. We restrict our attention to convective amplification
that the variation of the measured SRS scattering witfpecause the threshold is lower than that for absolute instabil-
(Z2)/(Z) is also quite weak, and is not significantly different ity and the convective .gain in the;e experiments i§ sufficient
from variation of SRS with electron temperature, when botH© reflect a large fraction of the light absenthnonlmea_r pro-
are considered to affect only the electron ion collision rate €SSes. The convective temporal threshql%_ngf Vpvp 1S
This is seen in Fig. 5 from the fact that the data from the twgeasily satisfied wherey, is the SRS convective growth rate
different experiments do not have significantly different val-and»; and v, are the damping rates of the Raman reflected
ues when compared at the same value of electron ion collight and the Langmuir wave, respectively. More important is
sion frequency, and the same laser beam interisity, the ~ the convective gain exponent,
data in Fig. 5 correlate with a particular collision rate regard- 1 k2p2 ( Yo(14x1)

€(

Kev
less of whether the atomic number is being varied or the G(w,)=- p~0 dzim

4 vgrop Jpatn k, —Kkg,w,— wq)

electron temperature is being varied to obtain that collision
rate. The curves in Fig. 5 represent an estimate of effect on v,
the SRS of the inverse bremsstrahlung absorption of the scat- -2 dz—, (2
tered light for two idealized models of a spatially uniform path  Ugr

scattering wave, one in which the mean square amplitude offheree=1+ x.+ x; is the dielectric function for the plasma
the scattering wave is independent of the collision (e  wave of frequencyw,— wy and wavenumbeky—k,. The
beled “constant, uniformén/n”), and one in which it is gain peaks at those frequencies for which the dielectric func-
linearly proportional to collision frequencglabeled “uni-  tion is nearly zero, i.e., when the light scatters from a natural
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mode of oscillation of the plasma, such as an ion acoustic ais sufficient for pump depletion for a plane wave pump laser
Langmuir wave. For ponderomotively driven SBS, the inten-and nonuniform RPP beams can scatter more for the same

sity gain exponent is spot-averaged intensity, these experiments in nearly 2 mm
) b long pl_asmas are testing the nonlinear scaling of SRS, not the
G _LvoNewawo  Vabs behavior near threshold.
8878 p2ne va ugy 00 T wgp The threshold Langmuir wave charge densityi”' for

driving the LDI is given by

2
_ 2 Ve Va
16(khpo)* = 2=,

a

th

~2vipkn 3 SnkD

e

and for SRS, itis

1 kzvg wp g wheren, is the background density,,= v$+ v is the sum

14
RSB mo. 7 D — Lgps— ZU—'L of the collisional damplng rateys= 1/2ve,wpe/wl, and the
0% p Tor ar Landau damping rate} of the Langmuir wave of frequency
70 SRS Lsrs w1 . The threshold depends on the damping rate of the acous-
=2 = =5 2viLgy, (4)  tic wave and thus, if the damping rate of the acoustic wave
p gr

were increased while other plasma parameters are kept con-
where the fluid limit of the plasma dispersion function hasstant, the Langmuir wave can be driven to larger amplitude
been used. Here,, is the oscillatory velocity of an electron and more SRS would be expected for the same linear gain
in the laser electric field, andggs or Lggsis the smaller of  exponent.
the plasma length or, in an inhomogeneous plasma, the The observedscaling with intensity is consistent with
length over which the three-wave resonance for SBS or SR&eories which describe the saturation of the Langmuir wave
is maintained. Herew, and v, are the local acoustic fre- by secondary deca$s and predict a linear dependence of
guency of the least damped mode and acoustic wave dampeflectivity on laser intensity, ion wave damping rate, the
ing rate, respectively. In the pF3d modeling discussed in thelectron temperature, and the plasma lengRygg
following, there is a 0.5 mm scale length density gradient~I, T.r,L#/w,. The length dependence is determined by
region in which little SRS growth occurs because therethe axial coherence of the interaction wigh-3 for complete
Lsrs™ Vel wpeln~50um for the SRS interaction. The effec- coherence an@g=1 for incoherence. Note the lack of depen-
tive absorption lengtl.,, is much longer and, as discussed dence of the saturated reflectivity on the linear electron
previously, the scattered SRS light can be absorbed by irdamping rate is consistent with the similar reflectivity for 7%
verse bremstrahlung as it propagates from the resonant rand 10% critical plasma shown in FiggaBand 3b) and the
gion to the detector. The group velocities of the laser lightlack of temperature dependence shown in Fig. 4.
and the Brillouin and Raman scattered light atg, vgp, Under the conditions studied here, the high laser beam
Ugrs respectwely, anabgm—c Koy lwoy, vgp=Cs, anduy, intensities, long scale lengths, and high plasma temperature
=3k /w| in the fluid limit. The important parameters are SRS are expected to produce large amplitude Langmuir
the laser intensity, the electron temperature, the electron demvaves that may be affected by a variety of non-linear pro-
sity, the relevant damping rate, and the lengtfysor Lggs  cesses. These processes include filamentation of the incident
over which the matching conditions are maintained. Iflaser beam, that will substantially modify its intensity profile,
Kphpe, <0.2, the Landau damping is very small but colli- and a variety of fluid and kinetic non-linearities of the Lang-
sional damping remains. In National Ignition FacilityIF) muir waves, including secondary decays and patrticle trap-
relevant 3 to 6 keV plasmas, this collisional damping rate iging. To assess more quantitatively the importance of non-
very weak; if it were the only damping mechanism SRSlinear effects, the experimental conditions are simulated
would be absolutely unstable. In the second form of the SBSising PF33%?4 The plasma is simulated in two dimensions
and SRS gain, one sees that the gain is zero in the resonanith a uniform density region of 1. mm wherg=0.1n. and
region at the convective temporal threshold. most of the SRS gain occurs. In addition, the plasma expan-
For the parameters of the intensity scaling experimentssion region outside the density plateau is simulated with a
CsHq,, it is instructive to evaluate typical rates. The convec-density that starts from 0.035 nc and rises to 0.16 nc over a
tive threshold intensity is 2:610"3W/cn?, the energy spa- length of 0.52 mm. Thus, the effects of the plasma induced
tial absorption rate is 0.26/mm for the incident light andincoherenc® and the reabsorption of the SRS light are in-
0.73/mm for the SRS light at the wavelength for optimumcluded. The flow velocity in the plateau is initially zero; in
gain \sgs=564nm) in a 0.h., 2.5 keV plasma. Thus, in 1 the expansion region it flows outward toward the laser with a
mm, half the SRS light and one-quarter of the incident lightlinear gradient. The flow at the peak density of the blast
would be absorbed for these parameters. The convective SR@&ve is inward and sonicl,=2.5keV andT;=600€V in
intensity gain exponer{vithout the absorption correctipis ~ the plateau region. The laser beam, the Raman scattered
56 forL=1 mm at a laser intensity of’210*°W/cn?. Even light, and the Langmuir wave are all propagated through the
at 3x 10*W/cn?, the SRS light damping rate makes a smallplasma with the time and spatial variation of all waves ac-
correction to the gain exponent. The SRS gain exponent is 38ounted for. The incident laser field has an intensity distribu-
for a 0.In;, 3 keV, 1 mm long plasma and 18 for a 07  tion appropriate for the random phase plates and lens
2.5 keV, 1 mm long plasma. Because a gain exponent of 26number used in the experiment. The SRS scattered light
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o early, 10% n_, as low as X 10**W/cn?. However it may be more difficult
model, unlimited n to explain previous observations that SRS depends on ion
= “model, limited 5n [ P acoustic wave damping with particle trapping theories that
10 P ) do not inherently involve ion-wave dynamics. Some simula-
3 / * tions shovt® and some data suggest that SBS can reduce the
— - ] amount of SRS. At low intensity the SBS reflectivity in these
8. f, 3 experiments is larger than the SRS and comparable to the
/ ] SRS at the higher intensities for both early and late times.
7 The SRS reflectivity increases with intensity for both early
* // and late times with about the same onset intensity and simi-

SRS Reflectivity (%)
N

0.1}%

lar values. On the other hand, the early time SBS is indepen-
dent of intensity which also suggests a nonlinear saturation.
The late-time SBS increases with intensity with an onset
intensity similar to the SRS one and reflectivities similar to
FIG. 6. Two-dimensional fluid simulatior®F3D are used to determine the the SRS ones. This behavior does not appear to support a
laser beam intensity profile in the presence of filamentation for the condimgodel where SBS suppresses SRS. Moreover, the SBS data
_tlon_s of thef/8 beam a_m_d 0.1 critical density plasma experiments sho'wnth(:’,ms(_}lveS need a nonlinear saturation model. Thus, al-
in Fig. 2(@). SRS reflectivity calculated from these laser and plasma profiles ; .
is plotted vs laser intensity and shown to scale rapidly up with intensitythough an influence of SBS on SRS or vice versa cannot be
at values comparable to those where the onset of SRS is observed. Calowdled out, we have no viable model to offer in this case.
!ations where the wave amplitude is limited are also shown as discussed The variation with the electron-ion collision frequency
In text. can be understood in terms of the reabsorption of the SRS
light in the plasma expansion region where SRS is inhibited
by the density gradient detuning discussed earlier. For ex-
grows both from thermal Langmuir fluctuations and brems-ample, in the expansion region used in the pF3d simulations
strahlung. The frequency shifts of the normal mode frequen35% of the SRS light is absorbed for no Xe whereas 70% is
cies due to localized heating or density variations producedbsorbed for 13% Xe because, as shown in Fig. 5, the ab-
by ponderomotive forces of all the waves are accounted fosorption rate increases threefold.
Shown in Fig. 6, the simulated SRS reproduces the onset of
SRS at an intensity of a few ;O“W/cm% and grows upt0 ;i CONCLUSIONS
10% or greater at high intensity when the damping rates are
the linear ones calculated for the plasma parameters appro- These experiments have shown that the scaling of SRS
priate at 1 ns. It is also observed that the simulated reflectivreflectivity with incident beam intensity in large scale, hot
ity is two or three times higher than the late-time measureglasmas shows only an approximately linear dependence
ones and more than five times higher than the early timavith f/8 beams, and the scaling with electron temperature is
measured ones in the high intensity cases. Let us assume tf@so weak in experiments with/4.3 beams, with a tempera-
non-linear processes are operating to limit the Langmuiture dependence of the reflectivity that could be entirely de-
wave amplitude and the scattering. Decay of the Langmuiscribed by the temperature dependence of the inverse brem-
wave through LDf™® is one possible mechanism, and we strahlung absorption of the backreflected light. The intensity
have investigated its possible importance by introducing intscaling results occur in the presence of SBS reflectivity that
the simulations an empirical amplitude dependent dampinds less than 3% and weakly varying. These results may be
factor that makes the Langmuir wave damping increas€onsistent with Langmuir waves that are saturated by non-
sharply when its amplitude exceeds the threshold for LDllinear mechanisms. Further experiments in Xe doped plas-
Inclusion of the LDI enhanced damping rate does not reducenas allowed the electron-ion collision rate to be varied while
the scattered light unless the threshold for non-linear damphe electron temperature was held constant, and showed that
ing is reduced to~3% of the LDI threshold. The reason is variation of the electron-ion collision rate can account for
that, in the region of maximum SRS gain, the amplitude ofmost of the observed dependence of SRS on electron tem-
the Langmuir wave has a rms value ten times smaller thaperature suggesting little temperature dependence of SRS by
the LDI threshold valuesniP'/n,~0.1. Figure 6 shows that collisionless processes such as Landau damping.
lowering the threshold 300 times reduces the simulated SRS
bplow the measurgd SRS. Hence, the remaining discrepany o Lindl, Phys. Plasmag 3933(1995.
cies between the simulation and the measurements cannot 3g. v. Powers, R. L. Berger, R. L. Kauffman, B. J. MacGowetnal, Phys.
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